Abstract-Histotripsy has been shown to be an effective treatment for model kidney stones, eroding their surface to tiny particulate debris via a cavitational bubble cloud. However, similar to shock wave lithotripsy, histotripsy stone treatments display a rate-dependent efficacy, with pulses applied at a low rate generating more efficient stone erosion in comparison with those applied at a high rate. This is hypothesized to be the result of residual cavitation bubble nuclei generated by bubble cloud collapse. Although the histotripsy bubble cloud only lasts on the order of 100 µs, these microscopic remnant bubbles can persist on the order of 1 s, inducing direct attenuation of subsequent histotripsy pulses and influencing bubble cloud dynamics. In an effort to mitigate these effects, we have developed a novel strategy to actively remove residual cavitation nuclei from the field using low-amplitude ultrasound pulses. Previous work has demonstrated that with selection of the appropriate acoustic parameters these bubble removal pulses can stimulate the aggregation and subsequent coalescence of microscopic bubble nuclei, effectively deleting them from the target volume. Here, we incorporate bubble removal pulses in histotripsy treatment of model kidney stones. It was found that when histotripsy is applied at low rate (1 Hz), bubble removal does not produce a statistically significant change in erosion. At higher pulse rates of 10, 100, and 500 Hz, incorporating bubble removal results in 3.7-, 7.5-, and 2.7-fold increases in stone erosion, respectively. High-speed imaging indicates that the introduction of bubble removal pulses allows bubble cloud dynamics resulting from high pulse rates to more closely approximate those generated at the low rate of 1 Hz. These results corroborate previous work in the field of shock wave lithotripsy regarding the ill effects of residual bubble nuclei, and suggest that high treatment efficiency can be recovered at high pulse rates through appropriate manipulation of the cavitation environment surrounding the stone.
I. Introduction P revious work has documented that very-short, highintensity ultrasound pulses applied at low duty cycle (histotripsy) can effectively erode model urinary stones via a cavitational bubble cloud localized on the stone surface [1] [2] . In contrast to shock wave lithotripsy (sWl), in which a stone is progressively comminuted, first into large pieces and then to fragments of decreasing size [4] , debris resulting from histotripsy erosion is composed of tiny particulate dust from the onset of treatment [1] [2] . Furthermore, because histotripsy stone treatment is a surface erosion phenomenon, the rate of erosion is dependent on the exposed stone surface area [3] , [5] . These facts lend themselves to a natural synergism between sWl and histotripsy stone treatments, as fragments generated by sWl can be rapidly eroded to fine debris via histotripsy pulses after initial stone subdivision is achieved [3] .
While histotripsy offers a promising adjunct to traditional sWl stone treatments, much room is available for the optimization of histotripsy pulse sequences for the application of stone erosion. Indeed, previous work has indicated that histotripsy stone erosion displays a ratedependent efficacy, with histotripsy applied at low pulse repetition frequency (PrF) producing more efficient stone erosion in comparison with that applied at high PrF [5] . a similar phenomenon is well documented in sWl, in which testing both in vitro [6] [7] [8] [9] [10] and in vivo [11] has shown a decrease in per-shock fragmentation efficiency with increasing shock rate. This is attributed to residual cavitation bubble nuclei that persist from one lithotripsy shock wave (lsW) to the next. While primary cavitation induced by an lsW has been identified as a crucial component of the stone comminution process [4] , [12] [13] [14] [15] [16] [17] , its collapse is typically accompanied by fission into numerous microscopic residual daughter bubbles [18] [19] [20] [21] , which can persist on the order of a full second [20] [21] [22] [23] . It has been shown that lsW propagation through a medium containing these residual daughters induces the selective attenuation of its negative tail [6] , [24] [25] [26] , reducing the energy that ultimately reaches the stone and compromising comminution efficiency. The use of higher shock rates reduces the time available for passive dissolution of residual bubble nuclei between successive lsWs, leading to more pronounced attenuative effects.
our recent work has aimed to develop a strategy for the active removal of residual bubble nuclei following a cavitation event [27] , [28] . We have demonstrated that the application of appropriately designed low-amplitude ultrasound pulses can stimulate the aggregation and subsequent coalescence of a population of residual bubbles, effectively removing them from the field. These pulses, which we term bubble removal pulses, are typically on the order of 1 ms in duration and have maximal nuclei consolidation effects near a mechanical index (MI) of 1 [27] , [28] . Previous work has also demonstrated that higher frequency bubble removal pulses (2 MHz) are more effective in comparison with lower frequency (500 kHz) for consolidation of the remnant cavitation nuclei that persist following histotripsy bubble cloud collapse [28] . This is hypothesized to be a result of the secondary Bjerknes force being the major facilitator of the coalescence phenomenon, the attractive magnitude of which is maximized when neighboring bubbles oscillate in phase with one another [29] .
In the present study, we incorporate bubble removal pulses into histotripsy treatment of model kidney stones in an effort to alleviate the rate-dependent efficacy previously observed for histotripsy stone erosion. cystine-mimicking model stones were sonicated with histotripsy pulses applied at PrFs ranging from 1 to 500 Hz; at each rate, comminution was quantified with and without the incorporation of bubble removal pulses. It is our hope that this investigation will not only lead to drastic improvements in the efficiency of histotripsy stone erosion at high PrF, but also serve to expand our understanding regarding the complex role of cavitation in the stone comminution process.
II. Methods

A. Model Urinary Stones
composite stone phantoms formulated to mimic the tensile fracture strength of naturally occurring cystine calculi were cast from a mixture of Begostone plaster (Bego Usa, smithfield, rI, Usa), albumin (carolina Biological supply co., Burlington, nc, Usa), and tap water. Following the methods of simmons et al. [30] , the constituents were mixed with a mass ratio of 73% Begostone, 24.5% water, and 2.5% albumin to achieve the desired stone properties. 0.6-ml aliquots of the resulting slurry were then distributed into the 1-cm diameter cylindrical wells of a delrin (duPont, Wilmington, dE, Usa) plastic mold and allowed to cure overnight. The next day, stones were removed from the mold and slowly heated to 90°c in a low-temperature oven (model 10Gc, quincy lab Inc., chicago, Il, Usa), where they were held for 12 h to permit albumin polymerization. Finally, stones were allowed to cool back to room temperature and submersed in a beaker of tap water to hydrate. Prior to treatment, phantoms in the hydrated state were degassed overnight in a vacuum desiccator (Bel-art Products, Wayne, nJ, Usa) to minimize any air trapped in the stone material. The end result of this process was the production of cylindrical model stones measuring 1 cm in diameter and having a hydrated mass of 1.01 ± 0.03 g (mean ± sd, n = 45).
B. Experimental Setup
The experimental setup used to study the impact of bubble removal pulse sequences on histotripsy erosion of model kidney stones is displayed in Fig. 1 . all experiments were conducted in a water tank measuring 58 × 43 × 45 cm (length × width × height), which was filled with deionized water degassed to physiologically relevant levels (dissolved oxygen content of 7.0 ± 0.3 mg/l at 21.2 ± 1.2°c, corresponding to 77 ± 3% of saturation); this mimics the dissolved gas content of human urine, for example [31] [32] [33] . dissolved oxygen levels were measured at the beginning and end of each treatment day (n = 18) using a Traceable digital oxygen Meter (control co., Friendswood, TX, Usa). a 500-kHz histotripsy transducer constructed in-house was used to deliver histotripsy therapy to the model stones treated in this study. It consisted of 112 individual watertight modules arranged in a spherical cap pattern with a 150 mm radius of curvature and 270 mm aperture. This geometry was maintained via a scaffold fabricated from accura 60 plastic (3d systems Inc., rock Hill, sc, Usa) on a stereolithography machine. Individual module housings were also fabricated from accura 60 using stereolithography. Within each, two 1-MHz Pz36 disc elements (Ferroperm Piezoceramics a/s, Kvistgaard, denmark) measuring 20 mm in diameter and 1.6 mm in thickness were stacked and driven in unison to produce a 500-kHz equivalent source. Epoxy adhesive (Hysol E-120 HP, loctite corporation, rocky Hill, cT, Usa) was used to bond the individual Pz36 elements together, as well as mate the front face of each stack to a flat accura-60 disc. Fig. 1 . Experimental setup used to study the effect of bubble removal pulses on histotripsy erosion of model kidney stones. Histotripsy treatment was delivered from a transducer composed of 112 individual 500 kHz modules arranged in a spherical cap pattern, and a separate 1 MHz transducer aligned confocally with the histotripsy array was used to generate bubble removal pulses. cystine-mimicking Begostones were positioned within an agarose hydrogel holder for treatment; this assembly was placed below the transducer such that sonication was performed in a top-down orientation.
The latter served to provide both electrical insulation and acoustic matching between the elements and water. a marine grade epoxy (TaP Epoxy system 314 resin/143 Hardener, TaP Plastics Inc., san leandro, ca, Usa) was used to pot the back of each module, ensuring complete electrical insulation from the surrounding water. overall, this arrangement of 112 modules produced a focal zone having −6-dB beamwidths measuring 2.0 mm in the lateral dimension and 6.3 mm in the axial. These measurements were conducted at a pressure amplitude of 8 MPa (linear regime) using a fiber optic hydrophone with a 100-µm-diameter sensing tip [34] . The histotripsy transducer was driven using a pulse amplifier developed in our laboratory, which was designed to produce very short, intense bursts. More details regarding the acoustic output generated by this setup are provided subsequently in section II-d. a separate 1 MHz transducer, which we denote as the bubble removal module, was used to sonicate residual bubble nuclei produced by collapse of the histotripsy bubble cloud. It consisted of a single 1 MHz PZT-4 disc element (steiner & Martins Inc., Miami, Fl, Usa) measuring 50 mm in diameter and 2 mm in thickness. This frequency was selected based on our previous observation that bubble removal pulses of higher frequency (>500 kHz) produce more effective consolidation of residual nuclei following histotripsy bubble cloud collapse [28] . similar to the histotripsy modules, the PZT-4 element was sealed within a stereolithography-fabricated accura-60 housing. In this case the front face of the housing contained an acoustic lens having a focal length of 175 mm; this design was utilized to center the beam of the bubble removal module coincident with the histotripsy focus when the module was held within a central port in the histotripsy transducer scaffold (Fig. 1) . The PZT-4 element was matched to the lens using an epoxy (1c-lV Hysol, loctite corporation) filled 50 mesh copper screen (McMaster-carr, aurora, oH, Usa) to achieve the proper thickness and impedance. This arrangement produced an acoustic field with −6-dB beamwidths measuring 7.0 mm in the lateral dimension and exceeding 100 mm in the axial; as such, the bubble removal field fully encompassed the focal zone generated by the histotripsy transducer. These field scans were performed at a pressure amplitude of 300 kPa (linear regime) using an Hnr-0500 needle hydrophone (onda corporation, sunnyvale, ca, Usa). The bubble removal module was driven using a 1 MHz sinusoid from an EnI aP400B controllable power amplifier (Electronic navigation Industries Inc., rochester, ny, Usa); further details on the acoustic output are presented subsequently in section II-d.
cystine-mimicking Begostone cylinders were held within a gel-holder assembly designed to maintain stone position within the focal zone while minimizing attenuation of incident acoustic pulses (Fig. 1) . The gel holder was constructed from accura 60 plastic and contained a concave pedestal onto which stone phantoms were ultimately placed. an optically transparent 2% agarose hydrogel (labscientific MB grade aG-sP, labscientific Inc., livingston, nJ, Usa) was cast surrounding this pedestal, creating a central channel measuring 15 mm in diameter and 40 mm in height. stone phantoms were free to move/ rotate within the channel during sonication; however, the dimensions were such that the full extent of the histotripsy focal zone was always maintained on the stone surface. as indicated in Fig. 1 , the gel-holder assembly was positioned below the histotripsy transducer and stones were sonicated in a top-down orientation. alignment of the therapy focus to the stone was maintained on an intertrial basis via two lasers laterally positioned at the known geometric focal location.
C. High-Speed Imaging
High-speed images for stone treatments conducted with each parameter set were acquired using a Photron Fastcam sa1.1 high-speed camera (Photron Usa Inc., san diego, ca, Usa) equipped with a 200-mm macro lens (aF Micro-nikkor 200mm f/4d IF-Ed, nikon corporation, Tokyo, Japan). a large-area, high-power lEd light source (Bridgelux 50c10K, Bridgelux Inc., livermore, ca, Usa) was used to backlight the experiments such that bubbles generated in the field were visible as dark shadows on the optical images. a 39-frame sequence was recorded immediately following histotripsy pulse firing at a frame rate of 20 kfps and exposure time of 49 µs, such that the entirety of the acoustic pulse sequence detailed in Fig. 2(c) was imaged.
D. Acoustic Pulse Sequence
Two general types of acoustic pulses were utilized in this study, as represented in Figs. 2(a) and 2(b): 1) histotripsy pulses generated by the 500 kHz histotripsy transducer were used to initiate a cavitational bubble cloud at the surface of the stone phantom, generating erosion damage consistent with our previous work [1] [2] ; 2) bubble removal pulses produced by the 1 MHz bubble removal module were used to sonicate residual nuclei following histotripsy bubble cloud collapse, stimulating their coalescence and removal from the field. The overall timing of this pulse scheme is displayed in Fig. 2(c) , with specifics provided henceforth.
Histotripsy pulses used in this study were very short (approximately 5 µs) and had a center frequency of 500 kHz and an estimated peak-negative pressure (P−) of 45 MPa. The representative waveform displayed in Fig. 2(a) , which was measured using the same fiber optic hydrophone used to perform histotripsy field scans, demonstrates the general shape of a histotripsy pulse. However, it was acquired at a lower P− of 12 MPa because calibration at higher amplitudes can result in instantaneous cavitation on the fiber tip. The therapy P− of 45 MPa reported here was estimated assuming no bubble shielding and using extrapolation based on the observation that P− increases linearly with the transducer driving voltage. a partial segment of a representative bubble removal pulse is displayed in Fig. 2(b) , acquired using the same Hnr-0500 needle hydrophone used to perform bubble removal module field scans. all bubble removal pulses had a center frequency of 1 MHz, duration of 1500 µs, and amplitude of either 0 (i.e., no bubble removal) or 1 MPa. The latter setting, corresponding to an MI of 1, was selected based on our previous work demonstrating that the efficacy of the bubble removal process peaks near an MI of 1 [28] . Following histotripsy pulse firing, a 500-µs delay was imposed to allow for unimpeded bubble cloud collapse before sonication with the bubble removal pulse. This delay, combined with the fixed 1500-µs bubble removal pulse duration, limited the maximum investigated histotripsy PrF to 500 Hz. Four PrFs (1, 10, 100, and 500 Hz) were tested to investigate the effect of pulse rate on the efficacy of histotripsy stone erosion.
E. Model Stone Treatment and Damage Quantification
Five model stones were treated with each of the eight parameter combinations investigated in this study. To achieve an accurate comparison of stone erosion across all cases, a preliminary investigation was conducted to determine the number of pulses required to produce similar degrees of damage at each rate. This was deemed preferable to applying treatment for a set time duration or a set number of pulses, as the histotripsy PrFs explored in this study span a 500-fold range and have highly variable comminution outcomes. For example, 10 000 pulses applied at a PrF of 1 Hz (166.7 min) may erode nearly the entire model stone, whereas 10 000 pulses applied at a PrF of 500 Hz (20 s) may not produce any perceptible damage. For this reason, the following treatment durations were used for each respective PrF to produce more similar degrees of stone erosion: (a) PrF = 1 Hz: 2000 pulses (33.3 min); (B) PrF = 10 Hz: 5000 pulses (8.3 min); (c) PrF = 100 Hz: 20 000 pulses (3.3 min); (d) PrF = 500 Hz: 50 000 pulses (1.7 min).
To quantify the effect of histotripsy erosion, stone mass was measured before and after treatment. These measurements correspond to the hydrated mass of the stone, and care was taken to gently blot any standing water off the stone surface before their acquisition. Pre-and post-treatment stone mass was used to quantify both an average treatment rate (mass eroded/treatment time) and average Fig. 2 . General pulse scheme used to study the effect of bubble removal pulses on histotripsy erosion of model kidney stones. (a) representative waveform acquired from the 500-kHz histotripsy transducer at low power (below the cavitation threshold). The histotripsy pulse P− used for stone treatments is estimated to be 45 MPa. (b) Partial segment of the 1500-µs bubble removal pulse; all bubble removal pulses had a center frequency of 1 MHz, and MI set to either 0 or 1. (c) overall timing of the experimental pulse scheme. a 500-µs delay was imposed following histotripsy pulse firing to allow the bubble cloud to collapse in an unimpeded manner. treatment efficiency (mass eroded/number of pulses applied) for a given parameter set.
III. results
The erosion efficiency (mg/1000 pulses) and erosion rate (mg/min) resulting from histotripsy treatment of model stones with and without the incorporation of bubble removal pulses are displayed in Fig. 3 . consistent with previous work [1] [2] , all histotripsy treatments were observed to erode fine particulate debris from the stone surface from the onset of treatment, with no subdivision of the stone into large fragments (à la sWl) ever produced. all treatments generated a statistically significant reduction in stone mass relative to control stones (t-test, p < 0.02), which were handled in the same manner as treated stones but not exposed to ultrasound. The treatment parameters utilized in this study resulted in only partial erosion of model stones, as is exemplified in Fig. 4 .
Without the incorporation of bubble removal, the efficiency of histotripsy stone erosion (Fig. 3, top panel) displayed an extreme dependence on PrF. Maximum efficiency was achieved for the lowest tested PrF of 1 Hz, which eroded 23.4 ± 6.2 mg/1000 pulses. all higher PrFs showed a significant decrease in efficiency relative to this value (t-test, p < 0.0001). specifically, application of histotripsy at 10 Hz resulted in an efficiency reduction to 2.8 ± 1.7 mg/1000 pulses. PrFs of 100 and 500 Hz produced efficiencies of 0.5 ± 0.1 and 0.4 ± 0.2 mg/1000 pulses, which were not statistically different from one another (ttest, p = 0.45). alternatively, the erosion characteristics resulting from histotripsy treatment can be expressed as a temporal rate (Fig. 3, lower panel) . In this case the rate of histotripsy stone erosion is observed to reach a maximum of 11.3 ± 6.9 mg/min at the highest tested PrF of 500 Hz (t-test, p < 0.03). Treatment at the lower PrFs of 1, 10, and 100 Hz produced erosion rates of 1.4 ± 0.4, 1.7 ± 1.0, and 2.8 ± 0.7 mg/min, respectively. clearly, a 10-fold increase in PrF does not translate to a 10-fold increase in rate of erosion.
The incorporation of bubble removal pulses resulted in drastic enhancement of histotripsy stone erosion for PrFs of 10 Hz and above. at the lowest tested PrF of 1 Hz, in which case residual bubble nuclei had a full second for passive dissolution, a statistically significant difference in erosion was not observed in comparing histotripsy only versus histotripsy with bubble removal (t-test, p = 0.17). at all PrFs above 1 Hz, however, the addition of bubble removal pulses produced a significant increase in erosion relative to their histotripsy-only counterpart (t-test, p < 0.015). specifically, at PrFs of 10, 100, and 500 Hz erosion (both efficiency and rate) increased 3.7-, 7.5-, and 2.7-fold. Fig. 4 shows the outcome of the five stone erosion trials performed at a PrF of 100 Hz without (top panel) and with (bottom panel) bubble removal. In each case stone material was eroded from the surface in the region targeted by the histotripsy focus; however, the incorporation of bubble removal pulses allowed for an average erosion rate of 21.1 mg/min over the 3.3 min treatment time, in comparison with the 2.8 mg/min rate produced by histotripsy in isolation.
representative high-speed images showing histotripsy bubble cloud dynamics for low PrF (1 Hz) and high PrF (100 Hz) treatments are displayed in Fig. 5 . Each image sequence corresponds to the 100th pulse in a series applied at each respective rate, with t = 0 µs indicating the time of pulse arrival at the stone. at the low rate of 1 Hz, bubble cloud dynamics are extremely similar across the histotripsy only (Fig. 5, top panel, upper row) and histotripsy with bubble removal (Fig. 5, top panel, lower row) cases. In each, prefocal cavitation upon histotripsy pulse arrival is minimal and cloud collapse occurs as a coherent unit against the stone surface 200 to 250 µs following ini- Fig. 3 . Erosion efficiency (top panel) and erosion rate (bottom panel) resulting from histotripsy treatment of model stones without and with the incorporation of bubble removal (Br) pulses. Maximum erosion efficiency was produced at the lowest tested PrF of 1 Hz, and the highest rate of erosion was generated at the highest tested PrF of 500 Hz; a 10-fold increase in PrF does not correspond to a 10-fold increase in erosion rate, however. The introduction of bubble removal pulses resulted in a drastic enhancement in erosion for PrFs of 10 Hz and above. This is indicated by the displayed p-values, which show the results of a t-test between trials without and trials with bubble removal at a given PrF. These p-values are the same whether results are evaluated as erosion efficiency or erosion rate, and as such are only displayed in the top panel.
tiation. cloud dynamics at the high PrF of 100 Hz display markedly different characteristics when no bubble removal pulses are applied (Fig. 5, bottom panel, upper row) . In this case, prefocal cavitation upon histotripsy pulse arrival is much more extensive, and the bubble cloud displays a shorter lifetime collapsing in the time window of 150 to 200 µs. Furthermore, cloud collapse appears more disparate rather than a cohesive unit, and the final collapse point resides prefocal to the stone surface (seen in the frame at 150 µs, arrow). Incorporation of bubble removal pulses in histotripsy applied at a PrF of 100 Hz results in cloud dynamics more closely approximating those observed at 1 Hz (Fig. 5, bottom panel, lower row) . Here, the extent of prefocal cavitation upon histotripsy pulse arrival is greatly reduced relative to the case of 100 Hz without bubble removal, although some bubble excitation is still observed in the periphery. The lifetime of the cloud is roughly 200 µs, falling in a range intermediate to that for 100 Hz without bubble removal and the 1 Hz cases. Finally, the ultimate point of cloud collapse resumes its position adjacent to the stone surface (as seen in the frame at 200 µs). 1 
IV. discussion
This study demonstrates a unique strategy for mitigating the rate-limiting effects of residual bubble nuclei in histotripsy kidney stone erosion, using low-amplitude ultrasound pulses to stimulate their removal from the field via bubble coalescence. When histotripsy is applied in isolation, the efficiency of stone erosion displays a precipitous drop-off for tested PrFs above 1 Hz. This is likely a result of the remnant bubble nuclei produced by primary cavitation collapse persisting on the order of 1 s [20] [21] [22] [23] ; as such, the lowest tested rate of 1 Hz is expected to afford the majority of residual bubbles sufficient time for passive dissolution between histotripsy pulses. Further support for this idea is offered by the observation that introducing bubble removal pulses did not produce a statistically different outcome in erosion at this lowest tested PrF. In contrast, at PrFs of 10 Hz and above, the incorporation of bubble removal in histotripsy therapy resulted in pronounced improvements in erosion efficiency. at 10, 100, and 500 Hz, the extent of erosion was observed to increase 3.7-, 7.5-, and 2.7-fold relative to the respective histotripsy-only cases.
The bubble removal strategy used in this study has been introduced previously [27] , [28] , and is thought to achieve the aggregation and subsequent coalescence of residual bubble nuclei through an interplay of the Bjerknes forces. our preliminary work has suggested that it is the secondary Bjerknes force that is the major contributor to this bubble consolidation phenomenon, with this dominance manifesting in higher bubble removal frequencies producing enhanced nuclei consolidation effects [28] . although not yet fully optimized, the 1-MHz bubble removal pulse scheme utilized in this study represents a compromise between the use of high frequency to maximize bubble aggregation and focal volume size to cover the region of interest. one of the practical limitations in moving to higher frequency is a reduction in focal coverage. Here, the 1-MHz bubble removal module produced a focal zone with a −6-dB beamwidth measuring 7.0 mm in the lateral direction. although this is certainly large enough to encompass the 2.0-mm −6-dB lateral beamwidth of the histotripsy transducer, it is possible that some residual bubble nuclei could escape to the periphery of the 15-mmdiameter treatment channel. This is especially possible at the higher PrFs tested in this study, which are expected to generate some degree of fluid flow within the treatment channel. as such, one possible explanation for the failure of bubble removal pulses to achieve complete recovery of erosion efficiency is the persistence of residual nuclei outside the bubble removal focus. Evidence of this can be observed in the first frame corresponding to a PrF of 100 Hz with bubble removal in Fig. 5 .
The trends in histotripsy stone erosion observed in this study are consistent with previous work in the field of sWl, which has implicated residual bubble nuclei as the primary contributor to the rate-dependent efficacy observed for stone comminution. Extensive testing has documented that lsWs applied at low rate produce a greater per-shock fragmentation efficiency in comparison with those applied at high rate [6] [7] [8] [9] [10] [11] . These results are corroborated by an abundance of clinical data [35] [36] [37] [38] [39] [40] [41] , which indicate that sWl performed at shock rates of 1 to 1.5 Hz produces more successful treatment outcomes than that at 2 Hz. It is the persistence of residual cavitation nuclei between successive lsWs that is responsible for these effects. although the lifespan of primary cavitation bubbles generated by an lsW is only on the order of 1 ms Fig. 4 . results of five trials performed for histotripsy stone erosion at 100 Hz PrF without (top panel) and with (bottom panel) the incorporation of bubble removal (Br) pulses. In each case, material was eroded from the surface of the stone in the region targeted by the histotripsy focus. However, the introduction of bubble removal pulses allowed for an erosion rate of 21.1 ± 5.6 mg/min over the 3.3 min treatment duration, in comparison with 2.8 ± 0.7 mg/min for histotripsy only.
[42]- [45] , their collapse has been shown to generate a large population of residual daughter bubbles (i.e., cavitation nuclei) that can persist on the order of 1 s [20] [21] [22] [23] . When an lsW propagates through a medium containing these residual bubbles the tensile component of the waveform will cause them to grow, effectively removing energy from the lsW and leaving it behind in the form of kinetic and potential energy of the fluid surrounding the bubbles [25] . as such, the remnant nuclei induce the selective attenuation of an lsW's negative tail [6] , [24] [25] [26] and reduce the energy that ultimately reaches the targeted stone, compromising comminution efficiency.
although the population of cavitation bubbles generated by an lsW is certainly different from a histotripsy bubble cloud, the ill effects of residual cavitation nuclei experienced in sWl extend to histotripsy stone erosion therapy. Previous work has shown that the collapse of a histotripsy bubble cloud produces an extensive set of microscopic residual daughter bubbles [27] , [46] , [47] . Furthermore, propagation of an acoustic pulse through this population of remnant bubbles was observed to experience pronounced attenuation as measured by a hydrophone positioned distal to the histotripsy focus [28] . similar to sWl, the expansion of remnant bubble nuclei induced by the histotripsy pulse will detract energy from the pulse directly; the expanded bubbles are likely to then provide a larger area for further scattering of the remainder of the histotripsy pulse. It is likely that the resulting pulse attenuation is partially responsible for the decreased efficiency of stone erosion observed at high PrF. Indeed, as represented in Fig. 5 , the lifetime of histotripsy bubble clouds generated at high PrF was reduced relative to those produced at low PrF, suggesting a reduction in the pulse energy reaching the focal point in these cases. a second major implication of residual bubble nuclei in histotripsy stone erosion is their influence on the location of bubble cloud collapse. as represented by the case of 100 Hz without bubble removal in Fig. 5 , the point of cloud collapse was consistently observed to shift prefocal to the stone surface when high PrFs were used. conversely, at the lowest tested PrF of 1 Hz, the bubble cloud collapsed as a coherent unit against the stone surface with each histotripsy pulse applied. This suggests that remnant nuclei that persist in the field act to seed the point of cloud collapse away from the stone. a similar result was observed by chitnis et al. [48] , who found that bubble clouds generated near a clean ceramic face collapsed onto the boundary; however, when the ceramic face contained a sparse bubble layer, cloud collapse shifted away from the surface and cavitation damage was mitigated. To the best of the authors' knowledge, this phenomenon has not been observed with respect to the effect of remnant bubble nuclei in sWl. nevertheless, it appears to be an extremely important feature of efficient erosion in histotripsy therapy. The incorporation of bubble removal pulses facilitated the recovery of the collapse point toward the stone surface when high PrFs were used. although the bubble removal pulses utilized in this study have not yet been fully optimized, they serve to demonstrate the drastic impact that residual cavitation nuclei can have on histotripsy kidney stone erosion. Furthermore, this strategy provides us with a tool through which we can begin to identify the aspects of histotripsyinduced cavitation that are crucial for the efficient erosion of a targeted structure. The results of this study suggest that, through appropriate manipulation of the cavitation environment surrounding the stone, the erosion efficiency achieved at low pulse rates can be recovered when high PrFs are used. It is important to note that these results were obtained in a simplified in vitro setting, and our future work will focus on translating this approach to the more complex environment in vivo. It is our hope that the treatment rates afforded by an optimized form of this bubble removal strategy will allow histotripsy stone erosion to offer a viable adjunct to sWl procedures. V. conclusion similar to sWl, histotripsy treatment of model kidney stones displays a rate-dependent efficacy in which pulses applied at low PrF achieve drastically higher erosion efficiency in comparison with those applied at high PrF. This is attributed to residual cavitation bubble nuclei that are generated by histotripsy bubble cloud collapse and persist from one pulse to the next. such residual bubbles can cause direct attenuation of the incident acoustic waveform, as well as influence the resulting cavitation dynamics-seeding collapse of the bubble cloud prefocal to the targeted stone surface. The most direct approach to mitigating the effects of remnant bubbles is to simply wait long enough for their passive dissolution between successive pulses. although this may afford a high per-pulse efficiency, the temporal rate of stone erosion suffers. It is for this reason that we have developed an active means of bubble removal, using low-amplitude acoustic pulses to stimulate the aggregation and subsequent coalescence of residual nuclei. although not yet fully optimized, the results of this study suggest that these bubble removal pulses offer great promise in recovering high per-pulse efficiency when high PrFs are utilized. The continued development of this approach will offer further insight into the qualities of cavitation that are paramount to effective stone comminution, while successful translation to an in vivo model stands to drastically enhance the efficacy of histotripsy for the application of kidney stone treatment.
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